Dilatometric study of Ni2+a;Mni_2;Ga under magnetic field 



(N 
O 

o 

(N 
(N 



C/3 



X3 

o 



> 
in 

On 
O 
(N 
O 
-I— > 



I 

O 

o 



X 
J3 



A. N. Vasil'ev,! E. I. Estrin,^ V. V. Khovailo,^ A. D. Bozhko,i R. A. Ischuk,i M. Matsumoto,-* T. Takagi,^ and J. Tani^ 

^Low Temperature Physics Department, Moscow State University, Moscow 119899, Russia 
'^Institute of Physical Metallurgy, Central Research Institute for Ferrous Metallurgy, Moscow 107005, Russia 

^Institute of Fluid Science, Tohoku University, Sendai 980-8577, Japan 
'^Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan 

A study of polycrystalline and single crystalline Ni2+i:Mni_a;Ga alloys by means of dilatometric 
and strain gage techniques shows that large strain can be induced in the temperature range of the 
martensitic transformation by application of an external magnetic field. The biggest strain induced 
by magnetic field was observed in the samples of chemical compositions where the structural and 
magnetic transitions couple, i.e. occur at the same temperature. 



I. INTRODUCTION 

Recently, much activity has been devoted to the de- 
velopment of ferromagnetic shape memory alloys. Vari- 
ous intermetallic compounds have been considered from 
the viewpoint of a combination of ferromagnetic proper- 
ties and structural transformations of martensitic type. 
Among them are the body centered cubic or body cen- 
tered tetragonal structures of Fe-Ni-Cr, Fe-Ni-C and Fe- 
Ni-Co-Ti [1-3], and face centered tetragonal structures 
of Fe-Pt and Fe-Pd [4,5]. Since the magnetic energy is 
very small compared to the energy stored in chemical 
bonds, the influence of the magnetic field on the shape 
memory alloys can be seen only in a limited interval near 
the temperature of martensite - austenite or austenite - 
martensite transformation. 

The above mentioned were ferrous shape memory al- 
loys, however there exist non-ferrous materials which also 
exhibit a well pronounced shape memory effect in the fer- 
romagnetic state. The most intensively studied of them is 
a Heusler type alloy Ni2MnGa [6-9]. For the stoichiomet- 
ric composition its Curie temperature is Tc = 376 K and 
the temperature of austenite cubic to martensite tetrag- 
onal transformation is Tm = 202 K [10]. The partial 
substitution of Mn by Ni results in the decrease of Tc 
and in the increase of Tm until these finally merge in 
the range of compositions near Ni2.19Mno.8iGa [11]. The 
sample of this composition and of nearby compositions 
were the subject of the present study. 



II. RESULTS AND DISCUSSION 

The measurements were performed on both polycrys- 
talline and single crystalline samples. The sample dimen- 
sions were typically 3x3x6 mm. Studies on polycrys- 
talline samples were done for three compositions, namely 
Ni2.i6Mno.84Ga, Ni2.19Mno.8iGa and Ni2.20Mno.80Ga. In 
the Ni2.i6Mno.84Ga sample the Curie temperature was 
well separated from the temperatures of structural trans- 
formation, so that austenite ~ martensite transition took 
place in a sample being in a ferromagnetic state [11]. 
As shown in Fig. 1, the structural transformation in this 
case was accompanied by a significant increase in sample 



length, but it was virtually non-sensitive to the external 
magnetic field. 
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FIG. 1: Dilatometric effects in zero and 1.4 T magnetic fields 
observed in the Ni2.i6Mno.84Ga polycrystalline sample. 



In the Ni2.19Mno.8iGa and Ni2.20Mno.80Ga samples a 
different picture at the phase transition was seen. For 
these compositions the paramagnetic austenite trans- 
forms into ferromagnetic martensite [11]. The transfor- 
mation upon heating is accompanied by a shortening of 
the sample. The change in the sample length at phase 
transition was 0.04% for Ni2.19Mno.8iGa and 0.12% for 
Ni2.20Mno.80Ga. The same measurements performed in 
the presence of the 1.4 T magnetic field oriented perpen- 
dicular to the long axis of the sample showed a significant 
increase of the dilatometric effect of transformation. In 
the Ni2.19Mno.8iGa sample the effect of transformation 
increases by 3.2 times, i.e. from 0.04% to 0.13%, in the 
Ni2.20Mno.80Ga it increases by 2.6 times, i.e. from 0.12% 
to 0.31%. The increase of the dilatometric effect of trans- 
formation is seen also at cooling. The upward shift of 
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FIG. 2: Dilatometric effects in zero and 1.4 T magnetic fields 
observed in the Ni2.19Mno.8iGa poly crystalline sample. 
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FIG. 3: Dilatometric effects in zero and 1.4 T magnetic fields 
observed in the Ni2.20Mno.80Ga poly crystalline sample. 



transition temperature due to the external 1.4 T mag- 
netic field is 1 K for Ni2.19Mno.8iGa sample and 2.7 K 
for Ni2.20Mno.80Ga sample. The results of these mea- 
surements are shown in Figs. 2 and 3. 

The single crystal of Ni2.19Mno.8iGa was grown from 
the melt by the Czochralski technique. The dimensions 
of the as-grown sample were about 80 mm in length and 
about 12 mm in diameter. No special thermal treatment 
was employed to the crystal which showed clear marten- 
sitic patterns on its surface at room temperature. The 
crystal growth direction was [110]. The specimens for 
dilatometric studies were spark-cut from the large sin- 
gle crystal and had dimensions 3x3x6 mm, where the 
longest dimension coincided with the crystal growth di- 
rection. A non-magnetic strain gage was attached along 
the crystal growth direction and the sample was inserted 
into the variable temperature chamber of a superconduct- 
ing magnet. The phase transitions were easily detectable 
by the sharp changes in strain gage response. Since the 
phase transition in the sample studied is a first order it 
could be characterized by Ag and Af, i.e. austenite start 
and austenite finish temperatures at heating, which were 
found to be 325 K and 333.5 K, respectively. At cooling, 
the Ms and Mf, i.e. martensite start and martensite fin- 
ish temperatures, were found to be 329 K and 320.5 K, 
respectively. These data are presented in Fig. 4. In the 
absence of a magnetic field the sample exhibited elon- 
gation due to the thermal expansion in the martensitic 
phase with the rate of about 12.5 x 10~^/K. In the vicin- 
ity of phase transition it exhibited a complicated behav- 
ior. Firstly, it shrinks by —6 x 10~* in the range of 325 ~ 
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FIG. 4: Zero field strain in the Ni2.19Mno.8iGa single crystal 
upon heating and cooling. 



330 K, then elongates by 12 x 10"'' in the range of 330 - 
333.5 K and finally exhibited elongation due to the ther- 
mal expansion in the austenitic phase with the rate of 
about 5 X IO^VK. 

The application of a 5 T magnetic field along the 
largest dimension of a sample resulted in the 5 K upward 
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FIG. 5: Strain associated with the phase transition in 
Ni2.19Mno.8iGa single crystal in magnetic field 5 T. 



elongates by 0.31%, afterwards it showed no temperature 
variation. At subsequent cooling, the sample showed a 
step-like downward change of about 0.4%. These data 
are shown in Fig. 5. 



III. CONCLUSION 

In conclusion, it was shown that in the temperature 
interval of the martensite - austenite transformation the 
ferromagnetic Ni2+2:Mni_a;Ga alloys show the giant mag- 
netostrictive effects comparable with that observed in 
Terfenol-D. Taking into account the narrowness of the 
transition temperature range these observations open the 
possibility to induce complete phase transformation by 
the application of a magnetic field and to reach giant 
reversible magnetostrictive effect in the two-way trained 
shape memory alloys. 
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